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Summary

Stagonospora nodorum blotch (SNB) is an important foliar and glume disease in cereals. Inheritance of SNB
resistance in wheat appears quantitative. The development of partially resistant cultivars seems to be the only
effective way to combat the pathogen. Partial resistance components like length of incubation period (INC), disease
severity (DIS) and length of latent period (LAT) were evaluated on a population of doubled-haploids derived
from a cross between the partially resistant cultivar Alba and the susceptible cultivar Begra. Experiments were
conducted in controlled environments and the fifth leaf was examined. Molecular analyses were based on bulked
segregant analyses (BSA) and screening with 240 microsatellites DNA markers. The QTL analysis revealed QTL on
chromosome 6AL (designated as QSnl.ihar-6A) and putative QTL on chromosome 6D. The QSnl.ihar-6A accounted
for 36% of the phenotypic variance for DIS and 14% for INC. The putative QTL accounted for 10% of the variability
in INC and 8% of DIS components of SNB resistance.

Abbreviations: BSA: bulked segregant analysis; CAPS: cleaved amplified polymorphic sequences; CTAB:
cetyltrimethylammonium bromide; DIS: disease severity; DH: doubled-haploid; INC: incubation period; LAT:
latent period; PCR: polymerase chain reaction; QTL: quantitative trait loci; RFLP: restriction fragment length
polymorphism; RGA: resistance gene analog; SNB: Stagonospora nodorum blotch; STS: sequence tagged
site

Introduction

The fungus Phaeosphaeria nodorum (E. Müller) Hed-
jaroude (anamorph: Stagonospora nodorum (Berk.)
Castellani & E.G. Germano) is a foliar and glume
pathogen of wheat (Triticum aestivum L.) as well as
of other cereals and grasses (Weber, 1922; Sprague,
1950; King et al., 1983; Scharen et al., 1985). The
Stagonospora nodorum blotch (SNB) reduces yield and
grain quality.

A high level of resistance to SNB in commercial
cereals is not available (Shaner & Buechley, 1994).

Alien germplasm may also not be a useful source of
resistance (Ma & Hughes, 1993). Except in one re-
ported common wheat line (Frecha, 1973; Kleijer et al.,
1977), several T. timopheevii-derived durum wheat
lines (Ma & Hughes, 1995), and a diploid wheat pro-
genitor (Aegilops tauschii) (Murphy et al., 2000), in-
heritance of SNB resistance is quantitative and addi-
tive (Nelson, 1980; Ecker et al., 1989; Wilkinson et
al., 1990; Wicki et al., 1999). In some wheat cultivars,
seedling and adult plant responses to SNB are not cor-
related (Mullaney et al., 1983). SNB resistance tends
to be higher in tall, late-maturing cultivars (Rosielle &
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Brown, 1980; Scott et al., 1982). Response to SNB on
spikes is mostly independent of response in leaves, and
could be controlled by different genes (Fried & Meister,
1987; Bostwick et al., 1993). Since SNB resistance
in common wheat is quantitative, several components
of partial resistance including incubation period, la-
tent period, infectious period, sporulation intensity, in-
fection frequency, lesion size and number and percent
leaf area with lesions help to discern genetic effects
(Jeger et al., 1983; Lancashire & Jones, 1985; Grif-
fiths & Jones, 1987; Cunfer et al., 1988; Loughman
et al., 1996). Therefore, traditional breeding for SNB
resistance in cases of large genotype × environment in-
teraction, lack of effective resistance genes in different
genetic backgrounds and different expressions of resis-
tance depending on plant age make selection extremely
difficult, if based only on phenotype analysis.

A more perspective approach called marker-
assisted selection has emerged in recent years due to
developments in molecular marker technology espe-
cially those based on the polymerase chain reaction
(PCR; Mullis et al., 1986). Once the molecular markers
closely linked to desirable traits are identified, marker-
assisted selection can be performed in early genera-
tion segregating populations and at an early stage of
plant development. Among different marker systems
available, microsatellites (Litt & Luty, 1989) became
the most useful for gene mapping in wheat, because
they detect a large amount of DNA polymorphism
(Plaschke et al., 1995; Bryan et al., 1997; Röder et
al., 1998; Pestsova et al., 2000b; Prasad et al., 2000;
Stachel et al., 2000). Molecular mapping experiments
can be simplified by using bulked segregant analysis
(BSA; Michelmore et al., 1991) and this approach is
also useful for mapping quantitative resistance loci in
wheat (William et al., 1997; Bai et al., 1999; Chantret
et al., 2000). Single genes for resistance to S. nodo-
rum were tagged with molecular markers in common
wheat (Ellerbrook et al., 1999), durum wheat (Cao
et al., 2001) and Ae. tauschii (Murphy et al., 1999).
Quantitative resistance in wheat to S. nodorum using
molecular markers and QTL analysis were recently ex-
plored by Czembor et al. (2003a, b) and in an ear-
lier study in T. spelta (Messmer et al., 1997). The
objective of our study was to detect QTLs associated
with partial resistance components in the winter wheat
cultivar Alba. For mapping, we created a doubled-
haploid (DH) population from a cross between the par-
tially resistant cultivar Alba and the susceptible cultivar
Begra.

Materials and methods

Plant material and disease response phenotype

Winter wheat cultivars with partial SNB resistance
(Alba) and susceptibility (Begra) (seed samples are
available from the local gene bank, http://www.
ihar.edu.pl/gene bank/) were selected for crossing
(Arseniuk et al., 1995). One hundred and thirty one
doubled-haploid (DH) lines were developed from an-
ther cultures of the F1 generation. Partial resistance
components, namely incubation period, latent period
and disease severity were evaluated for parents and
DH lines in controlled environments as described ear-
lier (Czembor et al., 2003a). The experiment was de-
signed as a one-way experiment with three randomized
blocks (replicates). Due to the limited space in the con-
trolled growth chamber, tests for each replicate were
conducted separately. However, due to a growth cham-
ber failure, only two measures for LAT were made. Sta-
tistical analyses were conducted using Statistica Soft-
ware 5.0 (StatSoft Polska Sp. z o.o., ul. Kraszewskiego
36, 30–110 Kraków, Poland). The analyses of each
individual for incubation period and disease severity
were conducted on an average of 13 seedlings (sown
in single pots arranged in one row) per repetition. Five
leaves per replicate were used to assess the length of
the latent period and scores were not averaged for sta-
tistical analysis. The DH lines with the most extreme
and consistent reaction to the pathogen for each partial
resistance component were chosen for BSA.

Molecular markers and QTL analysis

PCR and electrophoresis conditions (for agarose
and polyacrylamide based gels), markers (228 mi-
crosatellites and 20 sets of primers targeting resistance
gene analogs) and their polymorphism evaluation in
BSA experiments followed the procedure described
by Czembor et al. (2003a). To provide additional
molecular markers in regions of chromosomes 6A
and 6D putatively linked to QTLs after initial QTL
analysis (LOD threshold was set on 1.5), we tested
microsatellites WMC250 and WMC256 (Varsh-
ney et al., 2000), BARC21 BARC37, BARC107,
BARC113, BARC175 and BARC204 (www.scabusa.
org/pdfs/BARC SSRs 011101.html). Additionally, we
tried to develop STS (sequence tagged site) markers
from RFLP (restriction fragment length polymor-
phism) probes specific to chromosomes 6A and 6D.
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Sequence information for a particular RFLP was ac-
quired by sequencing both ends of the probe (bcd1510,
cmwg669, gbx3317, ksuD27, mwg813, R518, gwm-
934) or from sequence information deposited in the
Graingenes database (www.graingenes.org) (abc154
and BE439191). Monomorphic STS fragments were
converted into cleaved amplified polymorphic se-
quence (CAPS) markers as described by Czembor et al.
(2003a). These efforts resulted in two polymorphic
markers: mwg934 (amplified in PCR by primers:
5’-GTG TCG TCC AGG TAG TAC TT-3’ and 5’-CCG
GCA CCA CCA ACT TTG AA-3’) which revealed
product length polymorphism, and ksuD27 (amplified
in PCR by primers: 5’-TTT GCT GGT AAC GAA
GCC CTA GC-3’ and 5’-CTA TAT CCC AGC CCC
TAG CTC TC-3’) which showed polymorphism after
digestion with the TaqI restriction enzyme.

Using bulked segregant analysis, we were able to
identify markers potentially linked to QTLs that con-
trolled resistance to S. nodorum leaf blotch. These sin-
gle markers were quickly scanned using an interval
mapping method (MapQTL 4.0, option “none” as the
map file, Van Ooijen & Maliepaard, 1996) with LOD
threshold 1.5, that enabled us to construct only link-
age groups (JoinMap 2.0, Stam & Van Ooijen, 1995)
containing markers putatively associated with QTL of
resistance. Established linkage groups were used for
QTL mapping using the interval mapping method with
an LOD threshold 3.0.

Results

Disease response phenotype

Parental cultivars differed significantly (p = 0.05) only
for DIS, but not for the other two resistance components
(INC and LAT) (Figure 1). DH offspring lines differed
significantly for each component studied. A relatively
broad range of variation was found for each component,
but parental cultivars were not extreme in their reac-
tion to the pathogen especially regarding INC and LAT.
Sixteen DH lines significantly (p = 0.05) transgressed
the resistant parent ‘Alba’ in the length of incubation
period. Regarding LAT, a reversed tendency was ob-
served between parents (but this was not significant),
since the resistant parent ‘Alba’ showed a shorter length
of latent period (susceptibility) compared to ‘Begra’
(Figure 1). Seven DH lines significantly transgressed
the range of LAT determined by the reaction of the par-

Figure 1. Distribution of 131 DH lines, from resistant parent ‘Alba’
× susceptible parent ‘Begra’ for resistance components (average
values) to Stagonospora nodorum, namely incubation period (A)
disease severity (B) and latent period (C).

ents. Mean values for repetitions (blocks) were very
similar for DIS (4.7, 5.0 and 4.8 on 0–9 digit scale) and
less consistent for INC (4.0, 2.4 and 3.6 days) and LAT
(19.1 and 23.2 days). Correlation between average val-
ues for each component and scores for each repetition
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varied from 0.63 to 0.8. We found a negative correla-
tion between DIS and INC (-0.56, p < 0.01) or LAT
(-0.38, p < 0.01), and a weak positive correlation be-
tween LAT and INC (0.21, p < 0.05).

Bulked segregant analysis and molecular markers

Using 20 sets of RGA primers, we did not detect any
polymorphism between the parents. The 240 pairs of
primers used in this study could potentially amplify
291 microsatellite loci as reported by Pestsova et al.
(2000a) and Röder et al. (1998). We detected 255
microsatellite loci, of which, 114 were polymorphic
between the parents (<50%). Only 16 microsatellite
loci were polymorphic both between parents and be-
tween bulks within at least one of the three sets of
bulks established for each resistance component. None
of the 16 selected microsatellites could unequivocally
distinguish the five resistant from the five susceptible
DH lines used to establish alternative bulks. Further-
more, only three microsatellites (gdm98, gwm570 and
gwm397) showed agreement between disease pheno-
type and molecular marker phenotype for at least eight
of 10 DH lines. Marker gwm397, however, was not
considered in further analysis, because it had a LOD
value lower than 1.5 after initial QTL searching. Ac-
cording to the literature (Röder et al., 1998; Pestsova
et al., 2000a) the remaining two markers, gwm570
and gdm98, were mapped on chromosomes 6A and
6D, respectively. These two microsatellites along with
a number of additional polymorphic markers were
used to further analyze chromosome 6A (gwm459,

Figure 2. LOD curves based on simple interval mapping of QTLs for incubation period (INC), disease severity (DIS) and latent period (LAT)
on linkage groups corresponding to wheat chromosomes 6A (A) and 6D (B).

gwm617 and mwg934) and 6D (gdm108, BARC21,
BARC175 and ksuD27). After analysis of segregation
data based upon an expected 1:1 segregation ratio, the
following markers were eliminated from the data set
(p < 0.05): BARC21 (χ2 = 36.91), ksuD27 (χ2 =
43.6), gwm459 (χ2 = 61.54) and gwm617 (χ2 =
37.49). Two linkage groups corresponding to chromo-
somes 6A (gwm570 and mwg934) and 6D (gdm98,
gdm108 and BARC175) were subjected further for
QTL analysis.

QTL analysis

Based upon the LOD curves calculated for the partial
genetic maps of 6A and 6D chromosomes, we found
a significant QTL on chromosome 6A and a putative
(LOD value below 3.0) QTL on 6D (Figure 2). Ac-
cording to the rules for designation of identified genes
or QTLs in wheat (McIntosh et al., 1998), we named
QTL on 6A chromosome as QSnl.ihar-6A. This QTL
was significantly associated with INC (LOD = 4.08)
and DIS (LOD = 7.26) (Figure 2A), and explained
14% and 36% of the phenotypic variances, respectively.
The second QTL located on the distal part of chromo-
some 6DL was associated with lower significance lev-
els, since LOD values 2.85 and 2.23 were below the
critical LOD threshold 3.0 (Figure 2B). This putative
QTL explained 10% and 8% of the phenotypic variance
for INC and DIS, respectively. Both, QSnl.ihar-6A and
the putative QTL on 6D chromosome were not associ-
ated with LAT (Figure 2).
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Discussion

The quantitative resistance to SNB found in our study is
in agreement with the general concept of partial resis-
tance to the disease determined by several components
(Jeger et al., 1983; Lancashire & Jones, 1985; Griffiths
& Jones, 1987; Cunfer et al., 1988; Loughman et al.,
1996). We found two QTLs associated with partial re-
sistance components located on chromosomes 6A and
possibly 6D. These chromosomes were already shown
to be involved in disease resistance studies using mono-
somic lines (Kleijer et al., 1977; Wal ↪ag & Dzi ↪eg�lo,
1985, 1987; Ariau et al., 1988) and chromosomal
substitution lines (Kleijer et al., 1980). Chromosomes
6A and 6D (Kleijer et al., 1980; Wal ↪ag & Dzi ↪eg�lo,
1987; Auriau et al., 1988) were found to be implicated
in resistance as gene(s) located on these chromosomes
could increase resistance reaction expressed by gene(s)
on other chromosomes (Kleijer et al., 1977; Wal ↪ag &
Dzi ↪eg�lo, 1985). Partial resistance of line ‘L22’ to S.
nodorum studied by Auriau et al. (1988) was controlled
by five chromosomes of which four were related to
incubation period. Among them, chromosome 6D
was specified. These results indicate that the present
putative QTL detected on that chromosome could
represent another allele or gene associated with a
longer incubation period and lower disease severity.
Several QTLs for disease resistance are already
mapped to chromosome 6A. QSnl.ihar-6A is localized
at the chromosomal region where QTL for quantitative
expression of leaf tip necrosis (QLtn.sfr-6A) was
also detected (Messmer et al., 2000). QLtn.sfr-6A is
pleiotropic or closely linked with quantitative leaf rust
resistance in wheat. A QTL corresponding to MlRE
for resistance to powdery mildew was mapped distally
to QSnl.ihar-6A (Chantret et al., 2000).

QSnl.ihar-6A was strongly affected by DIS, to a
lesser extent by INC and not at all by LAT. Certainly,
there was a large amount of variation in these re-
sistance components that remained unexplained. This
could be due to QTLs that remain undetected or be-
cause no markers were identified in regions associated
with those QTLs. Enormous difficulties were encoun-
tered in establishing linkage groups due to a lack of
polymorphism and frequent deviation of markers from
the expected 1:1 Mendelian ratio. The low number of
molecular markers available for QTL analysis was due
to a narrow genetic background of our mapping popu-
lation that negatively influenced the level of DNA poly-
morphism detected. Both parents, ‘Begra’ (= Grana ×
Bezostaya 1) and ‘Alba’ (= Maris Hantsmann × L

83270; where L 83270 = [(Weigue × Dańkowska
Bia�la) × Luna] × Grana) have a common ancestor in
their pedigrees, cultivar Grana.

Quantitative resistance to S. nodorum using molec-
ular markers was explored in a population of recom-
binant inbred lines derived from a wide cross between
T. spelta cultivar Oberkulmer and T. aestivum culti-
var Forno (Messmer et al., 1997). Seven QTLs were
detected in T. spelta for resistance to leaf infection
each explaining 5–13% of the phenotypic variance, but
only two were consistent over 3 years. In our study,
QSnl.ihar-6A explained a much higher proportion of
phenotypic variance of lower disease severity (up to
36%) and a similar proportion for longer incubation
period (up to 14%). The effect of the QSnl.ihar-6A
on resistance to SNB is similar to that represented by
the recently detected four QTLs on chromosomes 2B,
3B, 5B and 5D in wheat cultivar Liwilla at fifth-leaf
stage (Czembor et al., 2003a). In that study, the per-
centage of phenotypic variance explained by a single
QTL ranged from 14–21% for the INC, from 16–37%
for DIS, and from 13–28% for LAT (Czembor et al.,
2003a).

Preliminary results of the field evaluation of two
QTLs described in our work indicated that none of
them was associated with leaf resistance in adult plants
(Czembor et al., 2003b). However, head resistance was
consistently associated with the QTL mapped on chro-
mosome 6D. The percentage of phenotypic variance
explained by this QTL was 27% and 25%, respec-
tively, in field trials during 2 years (Czembor et al.,
2003b). Further work aimed at detection of more QTLs
associated with field resistance in adult plant leaves
and heads is required to understand resistance mecha-
nisms in different plant organs and at various growth
stages.
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